The frequency of circulation types over the Alpine region is explored using 20 different global and regional climate model chains. The projected changes in these circulation types are investigated for the 21 st century using the SRES A1B scenario. The multi-model approach relies on the climate models from the ENSEMBLES project and circulation type classifications provided by the COST Action 733. For the latter, the two circulation type classifications GWT (Grosswetter-types) and CAP (Cluster Analysis of Principal components) are selected. GWT is applied to sea level pressure and geopotential height at 500 hPa whereas CAP is applied to sea level pressure. Overall, the ensemble of climate models captures the frequency of individual circulation types well, as shown by the comparison of circulation types from climate models and re-analysis data between 1980 and 2009. Discrepancies occur during winter (DJF) when westerlies are overestimated both at the sea level and at the 500 hPa geopotential height level. The model spread is largest during summer. The frequency of circulation types is simulated best during spring and autumn irrespective of the applied circulation type classification.
Introduction
Large-scale weather patterns largely determine local weather and climate conditions and, as a consequence, play a crucial role for society and economy. Circulation type classifications (CTCs) are widely used to examine these weather patterns. Circulation types describe similar and recurrent states of the atmosphere over a defined time interval and area .
Modern computers enable to use automated and objective CTCs, which allow to classify the atmospheric circulation for large datasets of observed and simulated climate. Hence this systematic and reproducible classification of circulation types can be used to objectively quantify past, present and future changes in the atmospheric circulation concerning its patterns, frequency and persistence (Huth et al., 2008) . In this respect CTCs have been proven to be useful tools to validate the performance of climate models (e.g. Huth, 1997; Demuzere et al., 2009; Pastor and Casado, 2012) .
Due to their coarse resolution, climate models are known to better simulate the large-scale circulation than surface variables (Yarnal et al., 2001; Benestad et al., 2008) . Several studies show that circulation types may correlate with surface weather variables like precipitation (e.g. Schiemann and Frei, 2010) , temperature (e.g. Blenkinsop et al., 2009) or natural hazards (e.g. storms, Schiesser et al., 1997; floods, Prudhomme and Genevier, 2011; hail, Kunz et al., 2009 ). Therefore, they provide a potential downscaling tool to assess surface variables (with respect to their mean and their extreme values) that are not or only poorly resolved in climate models. In this regard CTCs may serve as valuable proxies for atmospheric circulation in a future climate (e.g. Demuzere et al., 2009; Pongracz et al., 2010; Lorenzo et al., 2011) . In addition, their link to surface weather variables potentially delivers more insight on the future development of local to regional weather (e.g. temperature, Plavcova and Kysely, 2013) and extreme events (e.g. storms, Pinto et al., 2010; hail, Kapsch et al., 2012; temperature and precipitation, Riediger and Gratzki, 2014) .
To the author's knowledge, no study exists that examines projected climate change specifically over the Alpine region with the aid of circulation types and a multi-model approach. Nonetheless, several studies assessed how Switzerland and the Alpine region may be affected by climate change during the 21 st century. Most prominently, the Swiss Climate Change Scenarios CH2011 report, released by the CH2011 initiative, provides a detailed overview (CH2011, 2011 . The CH2011 report relies on the results of the fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC AR4; IPCC, 2007) , the EU ENSEMBLES project Table 1 : The ENSEMBLES models used in this study. The Regional Circulation Model (RCM) is denoted together with the driving Global Circulation Model (GCM) and their sensitivity where required. The data availability of the daily mean sea level pressure (SLP) and 500 hPa geopotential height (Z500) fields is indicated by an "X". Sens  RCM  Institute  From  To  SLP Z500 CRCM  OURANOS  1951  2050  X  X   IPSL  CCLM  GKSS  1963  2050  X (van der Linden and Mitchell, 2009) and several methodological studies (e.g. Buser et al., 2009; Fischer et al., 2012) . This study uses the same projection data as the CH2011 initiative to assure highest consistency. Emphasis is placed on the projected changes in the evolution of the seasonal frequency of circulation types using two different CTC methods, Grosswetter-types (GWT) and Cluster Analysis of Principal components (CAP) at two height levels in the troposphere. A multi-model approach using a suite of global and regional climate model chains (hereinafter referred to as model chains) from the ENSEMBLES project is chosen in order to provide additional information regarding climate change in the Alpine region.
GCM

Methods
Daily circulation type time series are derived for the Alpine region (41°-52°N, 3°-20°E) from the mean sea level pressure (SLP) and the 500 hPa geopotential height (Z500) fields of a total of 20 model chains of the EU ENSEMBLES project (van der Linden and Mitchell, 2009) running from 1951 to 2050 or 2100 (Table 1) . These model chains correspond to the selection of the CH2011 initiative (CH2011, 2011). For Z500 only 17 model chains are available on a six hourly resolution. To compute daily circulation types, the daily mean is calculated prior further examination. All model chains use the Special Report on Emissions Scenarios (SRES) A1B greenhouse gas emission scenario (Nakicenovic and Swart, 2000) that projects a fast growing economy but a moderate increase of greenhouse gases due to rapid introduction of new and more efficient technology.
The two classification schemes GWT and CAP from the COST 733 Action "Harmonisation and Applications of Weather Type Classifications for European Regions" CTC catalog (Philipp et al., 2014) are applied. These classification schemes are chosen due to the high skill in resolving precipitation in the Alpine region (Schiemann and Frei, 2010) . In addition, they are in operational use at MeteoSwiss (Weusthoff, 2011) and therefore observation based data is available for the observation period.
GWT classifies the daily synoptic situation according to the correlation coefficients obtained by the comparison with a strictly zonal, meridional and cyclonic flow pattern. In theory, CAP performs a principal component analysis with a subsequent cluster analysis. This study uses predefined circulation types derived from ERA-40 re-analysis data (Uppala et al., 2005) between 1957 and 2002 and assigns every model day to the nearest composite pattern in terms of Euclidian distance. This procedure has the drawback that circulation types derived from ERA-40 are used to classify the ENSEMBLES model data, which may have a different data structure. On the other hand, this approach enables the direct comparison of circulation types of model data with reanalysis data. GWT is calculated for 10, 18 and 26 circulation types for both SLP and Z500 fields whereas CAP is derived for 9, 18 and 27 circulation types only for the SLP field. This study shows the results of GWT with 10 circulation types (referred to as GWT10SLP and GWT10Z500 respectively) and CAP with 9 circulation types (referred to as CAP9SLP). Detailed information about the applied CTCs can be found in Philipp et al. (2010) and references therein. GWT circulation types are abbreviated according to the prevailing wind direction or cyclonicity (N = North, E = East, S = South, W = West, A = anticyclonic, C = cyclonic). A short synoptic description of each circulation type for CAP9SLP is given in Table 2 .
Because model resolution can influence the circulation types (e.g. Demuzere et al., 2009 ), models are re-gridded to a 1°× 1°regular longitudelatitude grid in order to compare model data to observation-based re-analysis data from the European Centre for Medium-Range Weather Forecasts (ECMWF). The analysis is performed on a seasonal basis; March-May (MAM, spring), June-August (JJA, summer), September-November (SON, autumn) and December-February (DJF, winter) . In line with the CH2011 initiative, the period from December 1979 to November 2009 (in the following termed 1980-2009) is chosen as the reference period. Model data is compared to the re-analysis based classification catalog established at MeteoSwiss (Weusthoff, 2011) to investigate the accuracy of the simulated atmospheric circulation. This catalog is based on the centroids calculated for the whole ERA-40 period and uses ERA-40 data (until August 2002) and ERA-interim data (since September 2002; Dee et al., 2011) .
Two different statistical methods are used to detect significant trends in the circulation types (i.e. p-value < 0.05). First, the significance of the differences between the reference and the projected period are tested with the Wilcoxon signed-rank test. Second, the trends obtained by logistic regression are examined between 1995 and 2085 for each circulation type using the median of the model ensemble.
How well are circulation types represented in climate models?
The model chains are generally able to capture the frequency of circulation types for the reference period 1980-2009 over the Alpine region. The largest deviations between re-analysis and model data are found during winter as shown for CAP9SLP (Fig. 1a) , GWT10SLP ( Fig. 1c) and GWT10Z500 (Fig. 1e ). The models overestimate westerly circulation types in winter, in some cases significantly. This is in contrast to easterly circulation types, which are generally significantly underestimated in the models during winter. These findings are in line with previous studies by e.g. Riediger and Gratzki (2014), Blenkinsop et al. (2009) (2006) . The spread of the models is by far the largest during summer for SLP based CTCs. As a consequence, the model spread inhibits a detection of significant deviations of the modeled frequency from the observed frequency. Nevertheless, the absolute deviations are in many cases considerable. Plavcova and Kysely (2011; also found that the model spread is largest during summer. Two CAP9SLP circulation types (A CEU and W SEUc) do not occur during summer in the reanalysis data. This is correctly represented by the majority of the models (Fig. 1b) . Riediger and Gratzki (2014) found an even stronger westerly overestimation in summer than in winter. Reasons for the mismatch with the results of this study can be manifold such as a subset of the models used, a slightly different domain centered over Germany and a different methodology taking into account the 950 hPa and 500 hPa geopotential height fields. This points out that the used CTC can influence the obtained results as also noted by e.g. Cahynova and Huth (2014) .
Simulated and observed frequencies of circulation types best agree during autumn (Table 3; Rohrer, 2013) . Only indifferent easterlies (Ei) are significantly underestimated in CAP9SLP. GWT detects any significant deviation neither on sea level nor on the Z500 level. These results are in line with the study of Blenkinsop et al. (2009) .
GWT is a correlation based CTC which solely provides a correlation index for zonality, meridionality and cyclonicity and subsequently derives the circulation types according to predefined thresholds. Because these thresholds are the same on the sea and Z500 level, the availability of GWT classifications at both levels allows a comparison of their flow characteristics.
Most evidently, the westerly and northwesterly circulation types clearly dominate at the Z500 level ( Fig. 1e  and 1f ), whereas meridional and easterly circulation types are far more abundant at sea level ( Fig. 1c and 1d ). Model spread is much smaller at the Z500 level than at sea level. This is particularly evident during summer. The most notable difference between the two levels is that westerlies occur more often during summer than during winter at the Z500 level, in contrast to the sea level where the opposite is true. Furthermore, purely anticyclonic situations rarely occur over the Alpine region at the Z500 level whereas they are more abundant at sea level, especially during summer.
The daily classification catalog of GWT on the sea and Z500 level is used to evaluate quantitatively how closely linked these two levels are. Analyses of the ECMWF re-analysis data reveal that on 22 % of the days between 1980 and 2009 the same circulation type prevailed on both levels (hereafter referred to as matching days). A sensitivity test using the whole available time period leads to the same result (22 %).
The percentage of matching days seems to be very low with only every fourth to fifth day having the same wind direction on the sea and Z500 level. However, the strict separation in eight wind directions plus an anticyclonic and a cyclonic type does not provide an intelligent algorithm to detect synoptic situations with a similar wind direction. In a synoptic situation where the prevailing wind direction is on the border between two classes, the Z500 level may be classified differently than the sea level despite being almost identical. With a less restrictive matching rule where the adjacent wind directions are allowed (i.e. NW, W, SW for a W flow), the percentage of matching days rises from 22 % to 54 % for the ECMWF re-analysis.
Analyzing the percentage of matching days on a seasonal basis shows that the correlation between Z500 and SLP circulation types is higher during winter (28 % matching days) than during summer (14 % matching days). This may be indicative of the more dominant role of regional features such as convection and heat lows. The generally smaller north-south pressure gradient over Europe during summer probably also contributes to this finding.
Most model chains simulate the percentage of matching days accurately (mean 23.6 % and 90 % confidence interval 15.8-28.0 %). In addition, the seasonal fluctuation of matching days is clearly visible in the model simulations. In the period 1957-2012, when observationbased classifications are available, no trend in the number of matching days is detected either for re-analysis or for the model chains.
Projected changes in the seasonal frequency of circulation types
Two different methods are used to test the significance of the modeled trends, the Wilcoxon signed-rank test and logistic regression. Due to their different methodology, it is expected that not all trends are detected by both methods. If both statistical methods detect a trend in a circulation type, the trend is assumed to be robust. Hence, in the following section only trends found in both statistical frameworks are discussed. Additionally Table 3 : Summary of all significant trends (p-value < 0.05) obtained by the delta changes approach using the reference period 1980-2009 and the projection period 2070-2099 for CAP9SLP (a), GWT10SLP (b), GWT10Z500 (c). Significant positive trends are indicated by a "++" sign for the delta change approach and are colored red for logistic regression, significant negative trends by a "−" sign for the delta change approach and colored green for logistic regression. If both statistical frameworks detected a significant trend, the corresponding box is framed. If a circulation type occurs less than 3 days per season, the significant trends are denoted by a single "+" or "−", colors are lighter and the framing of the boxes is thinner.
(a) CAP9SLP
only trends for circulation types are discussed that occur more often than three days per season in the observationbased data. Details are given in Table 3 , as well as in Figs. 2 and 3. Most prominently, at the sea level a general increase of easterlies at the expense of westerlies is found during summer until the end of the 21 st century . This trend is represented by a significant increase of northeasterlies (NE) and easterlies (E) at the expense of all other wind directions except southeast (SE) in GWT10SLP. This trend is less pronounced in CAP9SLP. Nevertheless, it is represented by a significant increase of cyclonic northeasterlies (NEc) and a significant decrease of two westerly circulation types (WSWcf and W NEU) in CAP9SLP (Table 3, Fig. 2 ). The second statistical framework used in this study, logistic regression, adds confidence to aforementioned findings (Table 3, Fig. 3 ). One possible explanation for these projected trends may be the development of a low pressure anomaly (i.e. a heat low) over the Mediterranean as proposed by Haarsma et al. (2009) . In addition, these results are in line with the study by van Ulden and van Oldenborgh (2006) and by Plavcova and Kysely (2013) , who found that many climate models (global and regional) project more easterlies and anticyclonic situations at the expense of westerlies in Europe during summer.
In contrast, GWT10Z500 reveals a significantly increasing frequency of westerlies (W) during summer, whereas southwesterlies (SW) significantly decrease ( Fig. 2 and 3 , Table 3 ). The opposite response on the Z500 level compared to sea level in the course of the 21 st century may be explained by a similar mechanism as proposed by Haarsma et al. (2009) who note that the vertical extent of the Mediterranean heat low is around 800 hPa and that the high-pressure anomaly over the British Isles tilts toward the south with increasing height. Riediger and Gratzki (2014) find an increase of southwesterly circulation which is not in line with results of this study. This study shows that the response to climate change in the following century may be completely different at SLP and Z500. Riediger and Gratzki (2014) use different classification scheme which combines the 500 hPa and the 950 hPa geopotential height field. This may mask some trends found in this study, especially as they are of opposite sign on the two examined levels. The expected future changes in the frequency are slightly smaller during winter compared to summer. While CAP9SLP detects a significant decrease of (north) easterlies (NEi, NEc), GWT10SLP indicates significantly more frequent westerlies (W) and less frequent northerlies to easterlies (i.e. N, NE and E; Fig. 2 and Table 3). Logistic regression does not find a significant increase of westerlies in both SLP based classifications but agrees on the significant decrease of (north)easterlies. Closer examination showed that logistic regression also detects positive trends for westerly circulation types but none is significant at the 0.05 level. This is in good agreement with Plavcova and Kysely (2013) . The significant decrease of easterlies and northeasterlies at the ground level cannot be found at the Z500 level. In agreement with SLP based classifications, westerlies (W) are projected to increase at the expense of northerlies (N).
In spring and autumn no consistent trends are found at sea level in CAP9SLP and GWT10SLP except for southwesterlies, which occur less frequently during autumn ( Fig. 2 and 3 , Table 3 ; WSWc in CAP9SLP, SW in GWT10SLP). CAP9SLP indicates a general decrease of cyclonic circulation types during spring with significantly decreasing trends in three out of four cyclonic circulation types (WSWc, W SEUc and NEc). This is largely in agreement with results from Plavcova and Kysely (2013) who found an increasing tendency of anticyclones over central Europe instead of decreasing cyclonic activity during spring and decreasing south(east)erlies instead of southwesterlies as proposed in this study. However, this study only found this trend by the Wilcoxon signed-rank test and not by the logistic regression. During autumn Plavcova and Kysely (2013) propose an increase of anticyclonic situation over Central Europe (centered over Czech republic) and some models show an increasing frequency of southwesterlies which is not in line with the results presented in this study.
During autumn GWT10Z500 shows a similar picture with only a significant decrease of southerlies (S). In contrast, spring is marked by a significantly higher abundance of (north)westerlies (NW and W) compensated by a significant decrease of southern wind directions (SE, S and SW). Trends from both transitional seasons resemble the trends for summer more than those for winter.
Regarding the projected frequency of purely anticyclonic situations over the domain, increasing tendencies are found in every season by at least one classification at sea level. However, Rohrer (2013) notes that an artificial high pressure anomaly over elevated terrain (mainly the Alps which are in the center of the domain) is more likely to be responsible for these changes than a physical climate change signal. The anomaly seems to originate from the extrapolation from surface level to sea level which is the more inaccurate the higher the terrain is. No significant changes in the frequency of anticyclonic circulation types are detectable at the Z500 level except in spring. However, note that this circulation type rarely (i.e. 0-1 days per season) occurs in any season.
Discussion and Conclusions
Projected changes in the atmospheric circulation over the Alpine region are examined using nested global and regional climate model simulations. The two objective circulation type classification methods GWT and CAP are applied in a multi-model framework provided by the ENSEMBLES project. The expected changes are estimated in a comparable approach as by the CH2011 initiative.
First, the ability of 20 climate model chains to simulate the atmospheric circulation during the period 1980-2009 is analyzed by comparing the seasonal frequencies of the circulation types in the climate models with ECMWF re-analysis data. Overall it is found that the climate models are able to capture atmospheric circulation. However, westerlies (easterlies) are significantly overestimated (underestimated) during winter at the sea level as well as at the 500 hPa geopotential height level. Wintertime southwesterlies are significantly overestimated in all three classifications used in this study. In summer the spread of the models is largest at both levels. This is due to the larger influence of small-to mesoscale phenomena (e.g. convection) during summer which is modeled differently depending on the applied regional climate model. Atmospheric circulation is best modeled during spring and autumn where the deviations between the observation-based data and the models are smallest for all circulation type classifications.
The overestimation (underestimation) of westerlies (easterlies) in midlatitudes is a common finding in studies examining the atmospheric circulation in climate models. Studies using climate model data from the Coupled Model Intercomparison Project phase 3 (CMIP3; Meehl et al., 2007) , which are the driving global climate models for the ENSEMBLES project, find a bias in the climatic mean state in the North Atlantic-European (NAE) domain. The westerly bias, with its accompanied too strong meridional pressure gradient over the midlatitudes, also results in a lack of blockings in the NAE domain (e.g. Scaife et al., 2010) or too zonal extratrop-ical cyclone tracks in winter (e.g. Ulbrich et al., 2008) . These biases in the mean state of most global climate models trigger the overestimation found in this study.
A comparison between the 500 hPa geopotential level and sea level showed that 22 % of days between 1980 and 2009 are classified to the same circulation type on both levels. This percentage is higher during winter and lower during summer. Generally, the model spread is substantially lower at the 500 hPa geopotential level and westerly wind regimes are more dominant compared to the sea level.
Assessing the projected changes in the seasonal frequency of circulation types for the 21 st century leads to two main findings. First, easterlies (westerlies) are expected to become significantly more (less) frequent during summer at sea level. These findings may be related to Mediterranean soil moisture depletion (Haarsma et al., 2009) . The significantly increasing frequency of westerly winds at the 500 hPa geopotential height level is in line with this hypothesis as the Mediterranean heat low is confined to the lower atmosphere.
During winter, easterlies are projected to significantly decrease until the end of the 21 st century (2070-2099), while there are tendencies, although only partly significant, towards more abundant westerlies at both the sea level and the 500 hPa geopotential height level. Southwesterlies are projected to significantly increase, whichever classification method is applied. This decrease of easterlies is in line with the projected decrease of blockings in the North Atlantic domain in CMIP3 simulations (e.g. Sillmann and Croci-Maspoli, 2009; Barnes et al., 2012) . van der Linden and Mitchell (2009) also report a tendency towards a more positive NAO state in future, which is in line with more westerlies in Central Europe and less blockings in the North Atlantic domain. However, in the newer CMIP5 simulations (Taylor et al., 2012 ) the future changes in blocking frequency are less pronounced. Zappa et al. (2013) showed that the representation of extratropical cyclones, another important atmospheric feature in the midlatitudes, improved from CMIP3 to CMIP5. This may alter the results obtained by this study.
The newly released CORDEX data (Jacob et al., 2014) may deliver more insight in this regard. Results from the recent fifth IPCC assessment report indicate that although CMIP5 overall performs better than CMIP3, the general direction of trends in atmospheric circulation remain the same in both model generations (Collins et al., 2013) . In short, although more recent models show smaller trends, the main message of this paper still remains valid.
Spring and autumn are not expected to experience major circulation changes at sea level. In contrast, during spring westerlies and northwesterlies are projected to significantly increase at the 500 hPa geopotential height level.
The projected future frequency of high pressure systems over the domain is not discussed as Rohrer (2013) notes that most models show a high pressure anomaly over elevated terrain rendering a profound prediction on how the frequency of high pressure systems may evolve difficult. These high pressure anomalies are in fact likely to be remnants of the extrapolation over elevated terrain.
Note that the focus of this paper was on projections towards the end of the current century. Earlier projection periods have also been analyzed (not shown; see Rohrer, 2013) . Many of the trends discussed only occur to be significant during the last projection period. In the first projection period (2020-2049) the contribution of natural variability relative to the global warming signal is large and hence the signal-to-noise ratio is small.
Finally this study highlights the importance of using several climate models instead of only a single one to assess climate change. Single models may deliver misleading results due to its individual flaws and inhibit a reliable quantification of model uncertainty, which in turn a multi-model approach provides.
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